Statins can inhibit the progression of coronary atherosclerosis. We aimed to characterize clinical factors that associate with differing measures of coronary atheroma volume following potent statin therapy. Greater TAV reductions with rosuvastatin vs. atorvastatin occurred in patients with diabetes (P ¼ 0.01, treatment by diabetic status interaction P-value 0.05). Greater PAV reductions with rosuvastatin were evident in females (P ¼ 0.01, treatment by sex interaction P-value 0.03) and in those with greater than or equal to median baseline LDL-C (P ¼ 0.02, treatment by LDL-C group interaction P-value 0.03) or HDL-C levels (P ¼ 0.02, treatment by HDL-C group interaction P-value 0.04). On multivariable analysis assessing change in TAV and PAV, both higher baseline TAV and PAV independently associated with TAV and PAV regression, respectively (standardized estimates: TAV 20.25, P , 0.001; PAV 20.23, P , 0.001).
Introduction
In patients at high risk for future cardiovascular events, high-dose statin regimens improve clinical outcomes. 1 -4 Accumulating evidence from clinical trials utilizing serial coronary intravascular ultrasound (IVUS) demonstrates that intensive statin therapy can halt the progression of atherosclerosis, 5 and sometimes induces disease regression. 6 Yet, the factors underlying differential effects of individual statins on disease progression remain poorly characterized.
Preclinical studies have demonstrated that statins exert favourable effects beyond their ability to lower levels of atherogenic lipoproteins. 7 In addition to their beneficial impact on oxidation and inflammatory pathways implicated in atherogenesis and plaque rupture, 8 statins may also exert a direct effect upon the arterial wall. 9 Such actions may be important, given that arterial wall remodelling plays a pivotal role in the clinical expression of atherosclerotic disease. This role is highlighted by observations that culprit lesions in the setting of acute coronary syndromes typically demonstrate expansive arterial remodelling 10 and that measures of atheroma volume incorporating the influence of remodelling associate more closely with the incidence of cardiovascular events. 11 It is important, therefore, to understand whether factors that influence different measures of progression or regression of coronary atherosclerosis are similar. Of particular interest in the Study of Coronary Atheroma by Intravascular Ultrasound: Effect of Rosuvastatin Versus Atorvastatin (SATURN) was that the highest dose of rosuvastatin produced greater regression of total atheroma volume (TAV), but not of per cent atheroma volume (PAV), when compared with high-dose atorvastatin. 12 Accordingly, the current analysis aimed to characterize the factors associated with regression of different measures of coronary atherosclerosis in SATURN.
Methods

Patient selection
The design of SATURN has been previously described. 13 Briefly, patients with angiographic coronary artery disease and low-density lipoprotein cholesterol (LDL-C) ,116 mg/dL following a 2-week treatment period with atorvastatin (40 mg) or rosuvastatin (20 mg) daily were re-randomized and treated for 24 months with atorvastatin (80 mg) or rosuvastatin (40 mg) daily. Intravascular ultrasound imaging was performed within a coronary artery at baseline and following 104 weeks of treatment.
Acquisition and analysis of intravascular coronary imaging
The acquisition and analysis of IVUS images has been described in detail previously. 5,6,11,14 -18 Patients were required to have coronary artery disease, defined as the presence of at least one lumen stenosis .20% in an epicardial coronary artery at the time of a clinically indicated coronary angiogram. Imaging was performed in a single, native coronary artery with no lumen stenosis .50%, which had not undergone revascularization and was not considered to be the culprit vessel for a prior myocardial infarction. Anatomically matched arterial segments were selected for analysis on the basis of a proximal and distalside branch (fiduciary points). Cross-sectional images spaced 1-mm apart were selected for analysis, with the lumen and the external elastic membrane leading edges defined by manual planimetry. The plaque area was determined as the area between these leading edges. Per cent atheroma volume and TAV were calculated as previously described. 11 Changes in coronary atheroma volume (PAV and TAV) were calculated as the atheroma volume at 104 weeks minus the corresponding volume at baseline. Plaque regression was defined as any decrease in atheroma volume from baseline.
Statistical analysis
Continuous variables were compared between groups using Student's t-test or the Wilcoxon rank-sum test with mean + SD or median (inter-quartile range; IQR) reported, respectively. Categorical variables were compared between groups using the Pearson x 2 test with frequency and per cent reported. Changes from baseline in biochemical parameters were assessed using the Wilcoxon signed-rank test. Change in TAV and PAV are reported as median (distribution-free 95% confidence interval) with treatment groups compared using the analysis of covariance (ANCOVA) on rank-transformed data, while adjusting for baseline values and geographic region. A multivariable linear regression model was used to determine factors associated with changes in TAV and PAV, and results are expressed as standardized and parameter estimates. Factors for consideration in the model included demographics, medical history, vital signs, prior medications, baseline and on-treatment lipids, baseline IVUS measures, and treatment group. All tests were two-sided with a P-value ,0.05 considered significant. All statistical analyses were performed using the SAS software, version 9.2 (SAS Institute, Cary, NC, USA).
Results
Patient characteristics
Of 1385 randomized patients, 1039 had evaluable imaging at baseline and follow-up that enabled comparison of atorvastatin (n ¼ 519) and rosuvastatin (n ¼ 520) treatment effects. No differences between treatment groups were observed with regard to patient demographics or concomitant medication use ( Table 1) . Similarly, baseline clinical characteristics were not different between patients completing the study and those who did not complete it.
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Biochemical measurements , P ¼ 0.03). The only significant interaction between treatment groups, however, occurred in diabetic vs. non-diabetic patients (P ¼ 0.05). This suggests that rosuvastatin had greater TAV-lowering effects vs. atorvastatin in patients with diabetes mellitus, than in patients without the disease.
Greater reductions of PAV were found in rosuvastatin-treated patients vs. atorvastatin-treated patients in those with less than median baseline PAV values (20. P ¼ 0.02) or HDL-C levels (21.35 vs. 20.68%, P ¼ 0.02). There were significant interactions between treatment and sex (P ¼ 0.03), baseline LDL-C group (P ¼ 0.03) and baseline HDL-C group (P ¼ 0.04). This suggests that rosuvastatin vs. atorvastatin had greater PAV-lowering effects in women than in men, and in those with higher baseline LDL-C or HDL-C levels than in those with lower levels.
Multivariable models for changes in coronary atheroma volume
We performed a multivariable linear regression analysis to identify systematically factors that associated with changes in TAV and PAV ( Tables 5 and 6 ). The standardized estimates show that in comparison with other variables in the model, increasing baseline TAV predicted TAV regression (standardized estimate 20.25, P , 0.001), as did randomization to rosuvastatin (standardized estimate 20.071, P ¼ 0.019). Average on-treatment non-HDL cholesterol levels, older age, increasing weight at baseline, prior percutaneous coronary intervention, and prior beta-blocker therapy were each independent predictors of TAV progression (Table 5) . Similarly, increasing baseline PAV predicted PAV regression (standardized estimate 20.23, P , 0.001). Female sex was also associated with PAV regression (standardized estimate 20.081, P ¼ 0.008). Prior nitrate therapy and increasing average on-treatment LDL-C level each associated with PAV progression ( Table 6 ).
Discussion
Statins have demonstrated efficacy in the management of atherosclerotic disease, and high-dose statin therapy associates with lower clinical event rates, 1 as well as with the attenuation of plaque progression. 5 SATURN was the first head-to-head comparison of the two most efficacious statins currently available, each prescribed at their highest approved dosages. Both treatments produced net plaque regression during a 2-year period. Although we did not see a net difference in the primary efficacy endpoint (change in PAV) between each treatment group, rosuvastatin produced greater reductions of TAV. Differing clinical and biochemical factors associated with changes in TAV and PAV, with some differences noted between treatment groups. In the rosuvastatintreated group vs. the atorvastatin-treated group, TAV regression was more likely to occur in patients with diabetes mellitus, whereas PAV regression was more evident in women and in those with higher baseline LDL-C or HDL-C levels. These differences highlight the variable influence of clinical and biochemical factors upon atherosclerotic plaque and arterial remodelling, in response to intensive statin treatment. On multivariable analysis for predicting changes in TAV and PAV, we consistently found that a greater baseline coronary atheroma volume (measured as both TAV and PAV) associated with more disease regression with intensive statin treatment.
The results of this analysis have further implications for the management of patients at risk for future cardiovascular events. Although increasingly utilized as an imaging biomarker for evaluating the mechanistic efficacy of novel anti-atherosclerotic agents, 5,6,14 -21 the burden of coronary atherosclerosis is increasingly reported to predict future cardiovascular events. 11,22 -25 While IVUS is the 'goldstandard' for quantifying coronary atheroma volume, emerging data from non-invasive coronary imaging studies corroborate the link between coronary atheroma volume and clinical events. 26, 27 Atherosclerosis reflects a lifetime of cardiovascular risk factors, and predisposes to coronary events. But current risk-prediction algorithms have limited prognostic ability, 28, 29 and volumetric measures of coronary plaque correlate modestly with cardiovascular risk factors. 30 So should coronary plaque burden be incorporated into clinical practice as a measure of coronary risk? If accurately measured with a non-invasive technique, the emerging data would support this conjecture. This hypothesis would, however, require extensive prospective validation. Furthermore, the results of this analysis would suggest that those at greatest coronary risk, who notionally harbour the greatest burden of disease, would stand to benefit the most from intensive statin treatment, by experiencing greater degrees of plaque regression. Women randomized to the rosuvastatin group achieved significantly more PAV regression than those randomized to atorvastatin, a difference that was greater than in men. On multivariable analysis, female sex was an independent predictor of PAV regression. Opinions are mixed regarding the benefits of statin treatment in women, 31 High-intensity statin therapy, atheroma regression in men and women for the management of coronary artery disease, 33, 34 despite equally high mortality rates in both sexes following acute coronary syndromes. But a recent post hoc analysis of the Pravastatin or Atorvastatin Evaluation and Infection TherapyThrombolysis in Myocardial Infarction 22 (PROVE IT-TIMI 22) trial found that potent statin therapy (atorvastatin, 80 mg) in women following acute coronary syndromes resulted in marked reductions in clinical events compared with standard lipid lowering (pravastatin, 40 mg). 35 This result occurred despite women experiencing less LDL-C lowering with intensive statin treatment than men. Our findings of greater PAV regression in women provide mechanistic support for the observations made in PROVE IT-TIMI 22, confirming the greater benefit of intensive statin treatment in at-risk women. The underlying biological mechanisms of these findings warrant further investigation.
Increasing age, on multivariable analysis, associated with more progression of TAV. Older patients harbour more progressive, calcified atherosclerosis, independent of other coronary risk factors. 36 Yet patients achieving LDL-C levels ,80 mg/dL still had consistently slower rates of disease progression. As a result, atheroma regression in older individuals in general may be more difficult to achieve. This may be a result of more calcified disease observed in older individuals. Conversely, these results from SATURN also raise the question of whether disease regression occurs more readily in younger individuals, who may harbour more malleable coronary atheroma. These observations support the notion of interventions that aggressively target cardiovascular risk factors, particularly in younger individuals, who may stand to derive the greatest clinical benefit during their lifespan. Furthermore, given that age impacted the change in TAV, but not PAV, changes in atheroma volume in older patients may less likely involve corresponding changes to arterial wall remodelling, which is reflected in the calculation of PAV.
Higher average on-treatment LDL-C and non-HDL cholesterol levels were associated on multivariable analysis with PAV and TAV progression. Consistent with prior studies that assessed the volume of coronary atherosclerosis by PAV, TAV data from the same IVUS-based imaging trials highlight a similar linear relationship between the degree of coronary atheroma regression achieved and the on-treatment LDL-C level (Figure 1) . Although mean on-treatment LDL-C levels in SATURN were among the lowest achieved of any previously conducted atherosclerosis imaging study (62 mg/dL in rosuvastatin-treated patients and 70 mg/dL in atorvastatin-treated patients), one-third of patients still experienced disease progression. This observation has implications for the development of novel therapeutic strategies aimed at lowering the burden of atherosclerotic disease, and for addressing residual event rates observed in patients prescribed contemporary antiatherosclerotic therapies. While the quest for novel therapeutic targets continues, continuing to lower LDL-C levels to the order of 30-40 mg/dL may achieve even further degrees of atheroma regression, as suggested by Figure 1 . A combined therapeutic approach may meet this need of further and/or alternative avenues of LDL-C reduction. This conjecture, however, will require testing in a randomized trial.
Beta-blocker therapy, on multivariable analysis, associated with TAV progression. On the contrary, a pooled analysis of serial changes of IVUS-derived TAV from four clinical trials concluded that beta-blocker therapy slowed the progression of coronary atherosclerosis. 37 This analysis was, however, limited by its nonrandomized design and unequal distribution of different betablockers, and on-treatment LDL-C levels were above those recommended by current treatment guidelines. 38 While our findings suggest that beta-blocker use is not associated with the progression of coronary atherosclerosis in the setting of very low (,70 mg/dL) LDL-C levels, we cannot exclude the possibility of confounding whereby beta-blockers were administered to higherrisk patients, with more progressive disease, in SATURN. Indeed, prior investigators have found potential pro-atherogenic effects of propranolol in patients with angina pectoris, 39, 40 and the use of beta-blocker therapy in such patients remains controversial. 41 Rosuvastatin and atorvastatin produced similar, significant reductions in PAV. 12 But treatment with rosuvastatin caused significantly greater reduction of TAV, and regression occurred in a greater proportion of rosuvastatin-treated patients than in corresponding atorvastatin-treated patients. Although PAV and TAV are wellvalidated measures of IVUS-derived plaque volume, 42, 43 PAV incorporates the amount of plaque present in relation to the adaptive response of the vessel wall. As such, the concomitant arterial remodelling response of the vessel wall affects the calculation of PAV. Arterial remodelling influences the clinical response of atherosclerotic plaque. Lesions in patients with unstable coronary syndromes were found to harbour significantly greater atheroma volume and more frequent expansive arterial remodelling than lesions in patients with stable coronary syndromes. 10 With its association with clinical events, 11 smaller coefficient of variation, and subsequent impact on smaller sample sizes tested in clinical trials, PAV preferentially evolved as the primary efficacy endpoint of most trials that utilize serial IVUS to assess changes in coronary atheroma volume. Limited data exist, however, regarding the influence of lipid-lowering therapies on coronary arterial remodelling.
In a post hoc analysis of the Reversal of Atherosclerosis With Aggressive Lipid Lowering (REVERSAL) trial, constrictive arterial remodelling was the predominant response during high-dose atorvastatin therapy, which associated with the anti-inflammatory effects of this treatment. 9 Our analysis would suggest that sex differences may also significantly influence the nature of plaque progression and remodelling (measured as PAV), along with achieved LDL-C levels, in the setting of intensive statin therapy. Some caveats of the current analysis should be noted. Approximately 25% of patients who were initially enrolled in SATURN failed to undergo a follow-up IVUS. These patients may have experienced rates of plaque progression or regression that could have influenced the results presented in this analysis. SATURN was not a placebo-controlled study, and so it was not possible to directly compare these results to the natural history of atherosclerosis in such patients. This trial enrolled patients who had symptoms requiring coronary angiography. As such, the study may not apply to primary prevention. Moreover, the direct link between reduction in coronary atheroma volume assessed by IVUS and clinical event prevention requires further study. Given that SATURN is the largest and only head-to-head imaging trial comparing these two potent statins, a study of significant magnitude with prolonged follow-up would be required to ascertain meaningful clinical differences between treatment regimens. This type of study is unlikely to ever be conducted.
Conclusions
Statins are the cornerstone of pharmacological management of atherosclerotic disease. SATURN highlighted the marked antiatherosclerotic effects of two potent statin regimens, each resulting in significant coronary atheroma volume regression. In the setting of potent statin therapy, higher-risk patients, particularly those with higher baseline coronary atheroma volume, consistently experienced disease regression. This was irrespective of whether atheroma volume was measured as TAV or PAV. Female sex and achieved LDL-C levels associated with regression and progression of PAV, respectively-a measure of plaque burden that also incorporates the arterial remodelling response. Despite very low on-treatment LDL-C levels, nearly one-third of patients still demonstrated disease progression. These findings outline the variable clinical and biochemical characteristics that affect the natural course of coronary atherosclerosis, the arterial wall response, and highlight the need for additional therapeutic targets to tackle the residual burden of disease.
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